Orogenic granitoids often display mineralogical and geochemical features suggesting that open-system magmatic processes played a key role in their evolution. This is testified by the presence of enclaves of more mafic magmas dispersed into the granitoid mass, the occurrence of strong disequilibrium textures in mineralogical phases, and/or extreme geochemical and isotopic variability.
Introduction
Orogenic granitoids often display mineralogical and geochemical features suggesting that open-system magmatic processes played a key role in their evolution. This is testified by a variety of evidence including the presence of solidified blobs of more mafic magmas (Mafic Microgranular Enclaves, MME; e.g. Didier and Barbarin, 1991) , the occurrence of strong disequilibrium textures in mineralogical phases, or extreme geochemical and isotopic variability. All these features may be recognised on a scale ranging from batholite trough single pluton to single minerals. A suitable general conceptual model to account for them is the well-known MASH (Mixing-Assimilation-Storage-Homogenization) suggested by Hildreth and Moorbath (1988) . The development of such processes in space and time can generate very complex interplays between chemical and physical factors. In particular, geochemical evolution of magmas can be influenced by magma dynamics such as convection in magma chamber, magma migration and coalescence, and thermo-chemical convection.
Although several works pointed out the general importance of open-system magmatic processes in the evolution of orogenic granitoid magmatism (Didier and Barbarin, 1991 and reference therein; Perugini et al., 2003; Janousek et al., 2004) , most of the authors focus on the study of single aspects, such as analyses of mafic microgranular enclaves, or detailed geochemical and isotopic studies. Only rarely the interplay between magma dynamics and geochemistry is taken into account to draw a more complete picture. A possible key to understand this interplay may consist in the selection of a suitable suite of granitoid rocks bearing evidence of open-system processes. This should be analysed in detail for a complex set of petrological and geochemical features in order to build a genetic model accounting for the evolution of the magmatic system. This approach is employed in the present contribution, where granitoid rocks constituting the Sithonia Plutonic Complex (Northern Greece), bearing clear evidence of open-system magmatic processes are studied. The Sithonia Plutonic Complex (hereafter SPC) is investigated in terms of mineral chemistry, whole-rock major and trace element geochemistry, as well as Sr and Nd isotopic composition. It is shown that Sithonia Plutonic Complex offers an opportunity to investigate in detail the complex interplay between geochemistry and magma dynamics, constraining magmatic evolution of hybrid igneous bodies. Besides, this work aims at clarifying the petrogenesis of the SPC and contributes to the understanding of the Eocene magmatism in northern Greece.
The Sithonia Plutonic Complex: geological setting
A voluminous acidic to intermediate magmatic activity has characterized the Serbo-Macedonian Massif and the Circum-Rhodope Belt of the Chalkidiki Peninsula in Northern Greece (Fig. 1) . Two main magmatic phases of different age have been recognized: i) less voluminous Mesozoic (early Jurassic-early Cretaceous) magmatism with plutonic bodies (e.g. Kerkini, Arnea) and small volcanic complexes Dimitriadis and Asvesta, 1993; Christofides et al., 2000; Kostopoulos et al., 2001; Perugini et al., 2004) ; ii) a more intense Tertiary magmatism of mostly Eocene to Oligocene age (e.g. Sithonia, Ouranopolis, Ierissos, Athos, Stratoni; Sapountzis et al., 1976; D'Amico et al., 1990; Frei, 1992; Christofides et al., 2001; Bebien et al., 2001; Pe-Piper and Piper, 2002; Perugini et al., 2004) .
The Tertiary Sithonia Plutonic Complex is situated in the Sithonia Peninsula that constitutes the middle "leg" of the three-legged Chalkidiki Peninsula in Northern Greece (e.g. D'Amico et al., 1990; Christofides et al., 1990; Perugini et al., 2003 , and references therein), except for its central western and southernmost parts (Fig. 2) . The SPC is a NW-SE trending granitic body of about 350 km 2 (Fig. 2) . It intruded basement rocks of the Serbo-Macedonian Massif and the Circum Rhodope Belt (Kockel et al., 1977; Michard et al., 1998) and, according to Mussallam and Jung (1986) and Bebien et al. (1987) , its southern part is in contact with the Sithonia ophiolites.
The intrusion of the SPC affected the regional NW-SE strike of the schistosity and fold axes of the country rocks, considered as a result of Middle-Jurassic tectonic activity. The intrusion itself has been affected by younger tectonic activity that took place most probably in the Late EoceneOligocene and induced minor shear effects marked by mica orientation (Sakellariou, 1989) . The strongly sheared contacts between the SPC intrusives and the country rocks suggest that the emplacement probably occurred by forceful intrusion (e.g. . A well-defined fabric is developed mainly near the margins of the complex and locally in some internal portions, and can be related to both the emplacement and later deformational events .
The southern part of the complex (Fig. 2) consists mainly of hornblende-biotite granodiorite, intruded by a finer-grained biotite granodiorite with sharp contacts. Masses of hornblende-biotite tonalite are found as small occurrences passing gradually to hornblende-biotite granodiorite. Mafic microgranular enclaves, usually less than 30 cm across with rounded and elongated morphology, are found dispersed in all the above rock types. A few granodioritic porphyries, occurring as small masses and dykes cutting the granodiorites and country rocks, are also found. Small (about 50 m 2 ) meta-diorite to meta-gabbro bodies occur within the hornblende-biotite granodiorite. The central part of the peninsula is occupied by the leucogranite, often with porphyritic texture, whereas the northern part is built by two-mica granodiorite to granite.
Field relationships indicate that the two-mica granodiorite to granite intruded metasediments, and is cut by the leucogranite with sharp contacts. The leucogranite penetrated the hornblende-biotite granodiorite, as indicated by the occurrence of leucogranite dykes in the latter. In addition there are also deformed masses of hornblende-biotite granodiorite, often displaying crenulated contacts, in the leucogranite. All the granitoid masses, as well as the country rocks, were intruded by pegmatitic and aplitic dykes and veins, being more abundant in the leucogranite and the two-mica granodiorite to granite than in the other rock types.
A whole-rock Rb-Sr isochron yielded an age of 50.4 ± 0.7 Ma for the two-mica granodiorite to granite Christofides et al., 1990) , whereas Rb-Sr isochrones for other rock types gave an average age of 46 Ma on whole-rock biotite pairs .
Based on discrimination diagrams of Pearce et al. (1984) and Harris et al. (1986 suggested a pre-plate or post-collision geotectonic setting for SPC, ruling out a syn-collision environment. This is also supported by a comparative study on the Tertiary granitoids of the area (Christofides et al., 2001 ).
Petrography
Detailed account of petrography of the SPC rocks was presented by Sapountzis et al. (1976) , , Christofides et al. (1990 and Perugini et al. (2003) . Here the main petrographic features are summarized only briefly. Rock nomenclature is given according to the R 1 -R 2 diagram of De La Roche et al. (1980) (Fig. 3) . Fig. 3 . Classification of SPC rocks on the basis of R 1 -R 2 diagram (De La Roche et al., 1980) . Rock types of SPC: Cross, diorite and gabbro; filled circle, monzonitic mafic microgranular enclaves; open circle, dioritic to tonalitic mafic microgranular enclaves; filled square, hornblende-biotite tonalite; open square, hornblende-biotite granodiorite; triangle, biotite granodiorite; star, leucogranite; diamond, twomica granodiorite to granite; x, aplites and pegmatites. Rock fields on R 1 -R 2 diagram: OGb, Olivine gabbro; GbNor, Gabbronorite; MzGb, Monzogabbro; Gb, Gabbro; SyDr, Syenodiorite; Mz, Monzonite; MzDr, Monzodiorite; Dr, Diorite; Ton, Tonalite; Grd, Granodiorite; Gr, Granite; AGr, Alkali granite. FeO t , total iron as ferrous iron; blanks, not analysed. ⁎ MME-M, Monzonitic mafic microgranular enclaves; MME-T, Dioritic to tonalitic mafic microgranular enclaves; HBTon, Hornblende-biotite tonalite; HBGd, Hornblende-biotite granodiorite; BGd, Biotite granodiorite; TMG, Two-mica granodiorite to granite; LGG, Leucogranite.
3.1. Tonalite, hornblende-biotite granodiorite, and biotite granodiorite Tonalites and granodiorites are described together because they share many common petrographic features. They are mainly medium-grained rocks, although some micro-granular to granophyric textures are also present. An oriented fabric is common, affecting about three-quarters of the examined samples. Mafic constituents are represented by biotite and hornblende with biotite prevailing over hornblende. Felsic constituents are quartz, plagioclase and Kfeldspar. Characteristic euhedral epidote crystals are always present, sometimes rimming allanite. Titanite, apatite, zircon and opaque minerals, mostly magnetite and ilmenomagnetite, occur as accessories. The biotite granodiorite does not contain hornblende, and is finergrained and often lighter in colour than the tonalite and hornblende-biotite granodiorite.
Mafic microgranular enclaves
Rounded or elongated mafic microgranular enclaves are enclosed within tonalite and granodiorites. They can be split into a monzonitic and a dioritic-tonalitic group (Fig. 3) . This distinction is reflected by the enclave size: the monzonitic enclaves range from 26 to 130 cm 3 , whereas the tonalitic ones are much smaller ranging between 4 and 10 cm 3 (Perugini et al., 2003) . No significant differences are observed between the mineral assemblages of the two enclave groups. Moreover, they are quite similar to those of the corresponding host rocks, although mafic minerals (mainly biotite, ± hornblende) and epidote are more abundant in the enclaves. Relatively common accessory minerals are acicular apatite and titanite; zircon and allanite are less frequent.
Usually, megacrysts of plagioclase and K-feldspar and rarely of biotite and hornblende can be seen within the enclaves, captured from the host rocks (Perugini , 2003) . In some cases feldspar xenocrysts crosscut the enclave/host boundary. These features, common in enclaves world-wide, are considered to prove a liquid state of the enclaves upon their incorporation into the more felsic magma (e.g. Vernon, 1984; Castro et al., 1991; Perugini et al., 2003) .
Two-mica granodiorite to granite and leucogranite
The two-mica granodiorite to granite (hereafter twomica granite) and the leucogranite are discussed together due to their similar mineralogy, although they display some modal and textural differences . Generally, the two-mica granite is fine-to medium-grained, whereas the leucogranite is usually coarser-grained. They contain quartz, microcline, plagioclase, biotite, and muscovite. Discrete masses of leucogranite have microcline megacrysts which originate a porphyritic texture. Scarce accessory minerals are opaques (mostly ilmenite), apatite, zircon and locally epidote, the latter present in the two-mica granite only.
Aplites and pegmatites
The aplites and pegmatites consist of quartz, K-feldspar, plagioclase and muscovite and subordinate amounts of biotite and garnet. Regarding aplites, those cutting the granodiorites contain biotite and little muscovite, whereas those cutting the granites are muscovite-rich and biotitepoor (Tsilibari and Eleftheriadis, 1989) .
Diorite and gabbro
These rocks, often altered, are medium-to coarsegrained meta-diorite and meta-gabbro. In some parts they show banding expressed by differences in grain size and mineralogy, possibly suggesting a cumulate nature. Effects of pervasive metasomatism are indicated by 0.10 0.11 0.14 albitization of plagioclase and transformation of clinopyroxene into tremolite. Scarce amounts of biotite, Kfeldspar and quartz are also present. Titanite, apatite, and opaque minerals constitute accessory phases.
Mineral chemistry
Plagioclase and K-feldspar coexist in all rock types. Plagioclase is generally mildly or strongly zoned with normal, reverse, and oscillatory zoning. The last two zonings, typically interrupted by several resorption zones, are found in the more basic rocks. The composition of plagioclase ranges from An 51 -An 12 in enclaves, An 46 -An 14 in tonalite, An 30 -An 22 in hornblende-biotite granodiorite, An 26 -An 22 in biotite granodiorite, An 34 -An 10 in two-mica granite, and An 27 -An 8 in leucogranite. Orthoclase content does not exceed Or 2 .
Perthitic K-feldspar (maximum to intermediate microcline) occurs as subhedral to anhedral interstitial crystals in all rock types, and also as megacrysts in the leucogranites. Plagioclase is the most abundant mineral inclusion, mostly arranged parallel to possible faces of the host K-feldspar. The composition of the K-feldspar ranges between Or 84 and Or 96 , with the anorthite component not exceeding 1%. Barium content is higher in megacrysts (Cs 2-3.5 ) than in the matrix K-feldspar.
Amphibole occurs as subhedral to anhedral prismatic crystals commonly inter-grown with biotite. Irregularly shaped grains, apparently due to resorption, are also observed in the tonalite and the hornblende-biotite granodiorite. The amount of amphibole decreases as silica contents of host rock increase and with the decrease of the modal plagioclase. Amphibole is magnesiohornblende and edenite (Leake et al., 2003 ) rich in Haskin et al. (1966) . ⁎ MME-M, Monzonitic mafic microgranular enclaves; MME-T, Dioritic to tonalitic mafic microgranular enclaves; HBTon, Hornblende-biotite tonalite; HBGd, Hornblende-biotite granodiorite; BGd, Biotite granodiorite; TMG, Two-mica granodiorite to granite; LGG, Leucogranite; AP, Aplites and Pegmatites; DGb, Diorite and gabbro. alumina and relatively poor in titanium (Table 1) . The Mg/(Mg + Fe 2+ ) ratio changes little between 0.52 and 0.66. The hornblende geobarometer of Schmidt (1992) used for the Sithonia amphiboles, gives crystallization pressures of 3.7-4.1 Kbar for enclaves, 3.9-4.9 for tonalite, and 3.9-5.2 for hornblende-biotite granodiorite. Considering errors (ca. ± 0.6 Kbar), all rock types can be considered to have crystallized at ca. the same pressure (i.e. 5.0 Kbar). The presence of primary epidote (Christofides and Eleftheriadis, 1992 ) agrees with such relatively high pressures (e.g. Zen and Hammarstrom, 1984; Vyhnal et al., 1991) .
Biotite is the most abundant ferromagnesian mineral in the SPC, associated either with hornblende in enclaves, tonalite and hornblende-biotite granodiorite, or with muscovite in two-mica granite and leucogranite. Two groups of biotite are distinguished, a Mg-rich group including biotites coexisting with hornblende, and a Ferich group comprising those associated with muscovite. Biotites of biotite granodiorite show intermediate compositions, whereas those from leucogranite are generally the richest in Fe 2+ (Table 1) . The chemistry and compositional variations (major and trace elements) of both hornblende and biotite were investigated by Fig. 4 . Selected major element vs. SiO 2 (wt.%) diagrams for the SPC rocks. Symbols as in Fig. 3 . Christofides et al. (1998) . Based on the distribution coefficient K D = (X Mg / X Fe ) Bi / (X Mg / X Fe ) Hb values of coexisting biotite-amphibole pairs (1.02 to 1.24), these biotites are considered to having formed by replacement of amphibole at the magmatic state (e.g. Speer, 1987) .
Three types of muscovite, primary, late to post-magmatic, and secondary (sericite on plagioclase) are recognised on the basis of their mode of occurrence and TiO 2 content (Table 1) . Large flakes and lath-shaped crystals, occurring singly, in clusters, or inter-grown with biotite, have characteristics favouring a primary origin (e.g. Miller et al., 1981) . Large flakes, resembling those of primary muscovite except for being slightly coloured and replacing feldspar are suggested to be of secondary origin.
Epidote is present mostly in the enclaves, tonalite and granodiorites, occurring sometimes as euhedral crystals which, along with some textural relationships, favours a primary origin (Christofides and Eleftheriadis, 1992; Perugini et al., 2003) . Allanite occurs either as individual stout prismatic or elongated, euhedral or rounded crystals, or as cores rimmed by epidote.
Opaque minerals are mostly magnetite and ilmenomagnetite, which are more abundant in tonalite and granodiorites, and secondary ilmenite, more abundant in granites.
Whole-rock geochemistry
More than 140 samples from SPC were analyzed for major and trace elements. REE analyses were carried out Fig. 6 . Chondrite-normalized (Haskin et al., 1966 ) REE patterns for the SPC rocks. A) MME-M, MME-T, and biotite granodiorite; B) hornblendebiotite tonalite; C) hornblende-biotite granodiorite; D) leucogranite; E) two-mica granodiorite to granite; F) aplites and pegmatites. Symbols as in Fig. 3. on 30 representative samples, and thirty-one and twentyeight samples were analyzed for Sr and Nd isotopes, respectively. Representative analyses for each rock type are listed in Tables 2-4 ; analytical details are given in the Appendix.
Major elements
The rocks of SPC have compositions similar to the calc-alkaline series, with Na 2 O/K 2 O ratio up to 3.2. Alumina-saturation index [ASI = Al 2 O 3 / (CaO + Na 2 O + K 2 O) molar] increases with SiO 2 ; enclaves are metaluminous (ASI = 0.77-0.98), tonalite, hornblende-biotite granodiorite, and biotite granodiorite are mostly metaluminous, with a few samples showing a slightly peraluminous character (0.90-1.16). The same holds for two-mica granite and leucogranite (0.98-1.17). Aplites and pegmatites reach the highest values of the alumina-saturation index (up to 1.28).
As a whole, the SPC varies more or less continuously in chemical composition from enclaves through the tonalite to leucogranite and aplites/pegmatites. TiO 2 , Al 2 O 3 , Fe 2 O 3 tot (not shown), MgO, CaO and P 2 O 5 display negative linear correlation with SiO 2 (Fig. 4) , although with some scatter. The K 2 O decreases with increasing SiO 2 in the monzonitic enclaves and then increases slightly from the tonalitic enclaves to the biotite granodiorite, whereas it is highly scattered in the two-mica granite, leucogranite, and aplites and pegmatites. Na 2 O (not shown) is very scattered in all rock types. The compositional variations of the diorites and gabbros differ significantly from the rest of the pluton: some major-element oxides (e.g. Al 2 O 3, CaO, MgO, K 2 O, P 2 O 5 ) plot far away from the main trends of all the other rock types, and only TiO 2 and Fe 2 O 3 tot are aligned with the other samples.
Trace elements
Among ferromagnesian elements, Ni and Cr (not shown) are rather scattered, whereas V shows a nearly linear decrease from the monzonitic enclaves to the twomica granite and leucogranite (Fig. 5) . Sr increases from the enclaves to the tonalite and then it drops sharply towards the aplites and pegmatites, with some leucogranite samples deviating slightly from the main trend. Although with some scatter, Ba abundances are similar in both types of enclaves and tonalites, and then decrease towards the aplites and pegmatites. Rb variation is U-shaped, decreasing from the enclaves to the tonalite, increasing slightly up to the biotite granodiorite, and then increasing abruptly up to the aplites and pegmatites. Zr shows a broad negative correlation with SiO 2 across all rock types, with some scatter. Nb is scattered in the monzonitic enclaves and decreases from the tonalitic enclaves to the two-mica granite and leucogranite, with most aplites and pegmatites showing typical enrichment in this element (e.g. Poli, Sr) 50 vs. ε Sr for the SPC rocks. Symbols as in Fig. 3 . Labels in the graph are as follow: A) diorite and gabbro group; B) enclaves, tonalite, hornblende-biotite granodiorite and biotite granodiorite group; C) two-mica granite and leucogranite group. 1992). Y is rather scattered in all rock types. The ratio of Rb/Sr decreases from the monzonitic enclaves (0.31-0.10) to the tonalite (0.05-0.13) and then increases up to the twomica granite and leucogranite (0.14-0.66) with aplites and pegmatites having extremely high values (0.35-32). Regarding diorite and gabbro, their relationships with other samples are quite variable, with some elements plotting along the main trends (e.g. V, Ba, Y) and other elements strongly deviating (e.g. Ni, Rb, Nb).
Rare Earth Elements (REE)
Chondrite-normalized REE patterns are reported in Fig. 6 . Differences between samples are most pronounced in LREE abundances (La N = 27-233) and the degree of fractionation of HREE (Gd N /Yb N = 1.6-5.6). LREE are enriched relative to HREE in all rocks (La/ Yb N = 20-113), and ΣREE decreases from the enclaves to the two-mica granite and leucogranite with gabbro and diorite deviating from the main trend (Table 3 ). In the tonalitic enclaves, tonalite, hornblende-biotite granodiorite, biotite granodiorite and the two-mica granite, the Eu anomaly is small (Eu / Eu ⁎ = 0.98-0.80) and remains almost constant with increasing silica content. The monzonitic enclaves (Eu / Eu ⁎ = 0.69) and the leucogranite (Eu / Eu ⁎ = 0.60) have higher Eu anomaly. The aplites and pegmatites show quite different patterns, being much depleted in LREE, enriched in HREE relative to leucogranites, and showing a very pronounced Eu anomaly (Eu / Eu ⁎ as low as 0.2).
Sr and Nd isotopes
The Sr and Nd initial ratios were age-corrected to 50 Ma , and data are given in 50 increases slightly with silica, with a trend from the enclaves through tonalite and hornblendebiotite granodiorite to biotite granodiorite (Fig. 7A) 50 ratio is lower, ranging between 0.51232 (leucogranite) and 0.51240 (two-mica granite) (Fig. 7B) . 50 . As shown by geochemistry, the diorite and gabbro samples differ significantly from those forming the rest of the pluton; in binary plots of various geochemical parameters are highly scattered and separated from the general trend of the pluton (e.g. MgO, Al 2 O 3 , Ni, Rb, and isotopes). Most of these geochemical features, together with textural characteristics, are consistent with an idea that these rocks cannot be considered to represent true liquids, i.e. are cumulates. Besides they have been affected by pervasive metasomatism and weathering. Therefore, they can be hardly used to understand genesis and evolution of the other rock types, and they will be not further considered in the rest of this work.
Discussion
The Sithonia plutonism can be divided into two main intrusive phases. The first one, more evolved, is represented by the two-mica granite and leucogranite (hereafter acid group) whereas the second one, less evolved, includes the tonalite, hornblende-biotite granodiorite, biotite granodiorite, and their mafic microgranular enclaves (hereafter basic group). Relative percentage of the two groups in outcrop is about 60% and 40%, respectively.
Field evidence shows that the leucogranite cuts the two-mica granite with sharp contacts, indicating that the latter behaved as a rheologically solid body during the intrusion of the leucogranite mass. The leucogranite also intrudes the hornblende-biotite granodiorite; the latter occurs within the leucogranite as plastically deformed masses. This shows that, at the time of intrusion, the hornblende-biotite granodiorite was still behaving as a rheologically plastic body. The central part of the hornblende-biotite granodiorite is intruded by a finer-grained biotite granodiorite with sharp contacts. Scattered masses of tonalite pass gradually into the surrounding hornblende-biotite granodiorite. These features are consistent with geochronological data, slightly older for the two-mica granite (ca. 50 Ma on average) but similar for the leucogranite, hornblende-biotite granodiorite, tonalite and biotite granodiorite (ca. 46 Ma; Christofides et al., 1990) . Therefore, distinct magmas with different degrees of evolution seem to have coexisted in the area at about 46-50 Ma.
Macroscopic and petrographic characteristics of the tonalite, hornblende-biotite granodiorite, and biotite granodiorite are consistent with a genesis where magma interaction processes played a major role. This idea is supported by the occurrence of mafic microgranular enclaves and disequilibrium phenomena common in most mineralogical phases of both the enclaves and the host rocks. The presence of the mafic microgranular enclaves is a clear evidence of magma interaction since they are interpreted as relics of the original mafic magma that survived the mixing process (e.g. Didier and Barbarin, 1991; Perugini et al., 2003) . Besides, the occurrence of xenocrysts (plagioclase, Kfeldspar, biotite) derived from the host rocks within the enclaves or even crosscutting the contacts between enclaves and hosts, calls strongly for mass transfer between interacting magmas.
Even though the presence of enclaves and disequilibrium textures testifies for magma mixing in the basic group, these features are lacking in the two-mica granite and the leucogranite. There is no macroscopic or petrographic evidence that would indicate widespread opensystem petrogenetic processes, regardless isotopic variation observed in both groups.
All SPC rocks display variable present-day Sr isotopic compositions that cannot be explained solely by variable abundances of initial 87 Rb. The isotopic data do not define any reasonable isochron(s), but are rather scattered indicating that magmatic masses have been affected by open-system processes. These considerations are valid for the whole SPC except the two-mica granite rocks. The latter plot on an isochron with good Mean Square of Weighted Deviates (MSWD = 1.2), indicating that their internal variability can be explained by closedsystem crystallization .
6.1. Numerical testing of the petrogenetic hypotheses 6.1.1. Derivation of SPC rocks from a single parental basic magma Different hypotheses can be proposed in the attempt of explaining magmatic evolution of SPC rocks by derivation from a single parental basic magma.
As shown by isotopic variability and the presence of enclaves in the basic group, close-system crystal fractionation by itself is not able to explain the evolution of all the Sithonia rocks.
Likewise, assimilation of crustal materials by a single parental magma coupled with fractional crystallization (De Paolo, 1981) fails to explain the presence of variously hybrid mafic microgranular enclaves, which indicates the existence of different batches of magmas rather than crustal assimilation alone. In addition, calculations of r and F parameters of an Assimilation plus Fractional Crystallization (AFC) process (De Paolo, 1981) , using as a proxy for the basic parental magma the least evolved enclaves and as contaminant the composition of either gneisses or amphibolites of Serbo Macedonian Massif (samples AA1 and 141A, Tables 2-4), show that extremely high degree of fractionation (up to 80%) is needed to generate the acid rocks. This process would have produced large volumes of cumulates for which there is no evidence in the area. In addition, it must be stressed that the majority of the rocks of the basic group are intermediate in composition and the true basic magmas of SPC form only a few percent of the whole plutonic complex.
Taken together, any evolution starting from a single parental mafic magma fails to explain the evolution of all the SPC rocks.
Derivation of SPC rocks by interaction among different magmas
Trace element abundances (Fig. 5) show that geochemistry of tonalite, hornblende-biotite granodiorite and biotite granodiorite is intermediate between the acid group and the enclaves, indicating a possible genetic link between the basic group and the acid group rocks.
A bulk binary mixing between mafic and felsic magmas is not a viable process to explain the genesis of all rocks. It should produce rectilinear trends on binary plots which is not true for the Sithonia rocks (Figs. 4  and 5 ).
An alternative hypothesis could be magma mixing coupled with fractional crystallization generating intermediate rocks. Such a process, assuming presence of a felsic magma chamber invaded by a mafic magma, could in principle explain the observed major-and trace element, as well as isotopic variability. In addition it would account for the occurrence of enclaves and disequilibrium textures in minerals, but only in the intermediate rocks.
From a geochemical point of view, the most appropriate model would be Mixing plus Fractional Crystallization (MFC) (e.g. Poli et al., 1996; Poli and Tommasini, 1999) , with a mathematical formulation analogous to the AFC (De Paolo, 1981) . According to this model, the assimilant would be a felsic magma, into which a mafic magma intrudes and mixes. Further details about this model and its applicability to magma evolution in plutonic rocks can be found in Poli et al. (1996) . The use of the MFC model requires the choice of two end-member magmas. In the SPC, a reasonable approximation for the acid end-member could be the average composition of the acid group rocks, because they existed as magma at approximately the same time as the basic group did. However, the two-mica granite is slightly older than the leucogranite and the latter is coeval with the basic group on the basis of both geochronological and field data. Therefore, for the MFC process the average composition of the leucogranite appears more reasonable. Regarding the mafic end-member, outcrops of mafic rocks are lacking in the studied area. However, the least evolved (monzonitic) enclaves still retain a rather primitive geochemical character, although they may have been affected by some interaction with the host magma. Therefore, we assume that the mafic endmember can be represented by the least evolved enclaves. In particular, we consider an average composition of monzonitic enclaves with V contents higher than ca. 130 ppm as a proxy for the original mafic magma. Note that a different threshold value for V does not affect significantly presented results.
MFC modelling
Results of the MFC modelling are presented in show that the MFC modelling could be considered satisfactory for explaining the evolution of all the basic group rocks. Note that using Nd isotopic ratios yields the same results.
If the MFC model obtained by using isotopic abundances is correct, the same r, D Sr and D V values used in Fig. 9A must also explain sample variability in the V vs. Sr/V graph of Fig. 9B . Accordingly, the lines of descent were calculated using the same model parameters as for isotopes. It is clear from the graph that the calculated evolution lines fail to model the sample variability. Fig. 9C shows that in order to encompass trace element variability, different values of r, D Sr and D V have to be used.
The above results indicate that there is a clear dichotomy in the geochemical behaviour of isotopes and trace elements in the studied rocks. A possible explanation may be the sharp difference in the diffusion rates: the isotope diffusion is more than one order of magnitude faster than the trace element diffusion (Baker, 1989; Lesher, 1990 ; Van der Laan et al., 1994). Solid star, mafic end-member (average composition of monzonitic enclaves with V contents higher than ca. 130 ppm); solid pentagon, acid end-member (average composition of leucogranite); tick marks are reported at 10% intervals of crystal fractionation; r, rate of mixing over rate of fractional crystallization; D, bulk partition coefficient. Other symbols as in Fig. 3 . Accordingly, compositional differences, such as those generated during interaction between magmas with different compositions, would decouple the isotopes from the trace elements (e.g. Pin et al., 1990; Poli et al., 1996) . Thus the isotopes would reflect combined effects of both chemical diffusion and differentiation. On the other hand, the trace elements are mostly controlled by evolutionary processes, being affected by diffusion to a lesser extent. Thus, in magmatic systems whose evolution is linked to the interaction between different magmas, the trace elements are more appropriate to track magma evolution, than the isotopes (e.g. Pin et al., 1990; Poli et al., 1996) . Therefore, the geochemical modelling performed using trace elements (Fig. 9C) is the preferred method to unravel the geochemical evolution of the SPC.
Worth stressing is that parameters of the MFC are likely to have changed with time. Clearly, during magma interaction strong thermal and rheological contrasts may exist between the mafic and felsic magma (e.g. Sparks and Marshall, 1986; Poli et al., 1996) . These are the most pronounced at the initial stages of the interaction, when the under-cooling of the mafic magma, in contact with the colder felsic one, induces the mafic magma crystallization. At this stage, the fragmentation and dispersion of the mafic magma into the felsic one is inhibited. Hence the rate of mixing is low compared to the rate of crystallization of the mafic magma (i.e. parameter r is low). However, with proceeding interaction, the thermal and rheological contrasts between magmas are progressively smoothed out (Sparks and Marshall, 1986; Poli et al., 1996) . As a result the fragmentation and dispersion of the mafic into the felsic magma becomes more important, leading to a predominance of the mixing process (i.e. increasing values of parameter r).
These considerations indicate that a single set of parameters for the MFC process is not feasible, because the importance of mixing should increase with time relative to the rate of fractional crystallization. In addition, a single MFC process, although theoretically possible, would require degrees of fractional crystallization of the mafic magma up to 70%. As discussed previously such high degrees of fractionation are not consistent with the observed proportions of acid and basic rocks in the SPC.
Accordingly a two-step MFC model is proposed, with different values of r for each step. The first step (MFC-1) is intended to explain the geochemical variation of monzonitic enclaves and the genesis of tonalitic enclaves. Once an evolved mafic magma is generated (that parental to the tonalitic enclaves) a second MFC step (MFC-2) is invoked. It should represent the successive stages of the evolution dominated by mixing and thus to explain the geochemical variation of tonalite, hornblende-biotite granodiorite, and biotite granodiorite. The initial mafic and felsic magmas envisaged above are used as end-members for the first step. For the second step, the felsic magma does not change and the mafic magma is assumed to be an average of the more evolved tonalitic enclaves.
The diagrams (Fig. 10) show that the calculated lines of descent for trace elements reproduce the trace element data quite well. The value of r used in the MFC-1 model is ca. 0.1 indicating that mixing played a minor role with respect to fractional crystallization. Regarding MFC-2, the r value has been increased to 0.4, and some D values for the same trace elements have been changed (Fig. 10) . The increase of r reflects a major role played by mixing, and changing of D indicates a variation in the proportions of the fractionating mineralogical assemblage passing from MFC-1 to MFC-2. In this context worth noting is that the variability of fractionating assemblages is in agreement with petrographic features of the modelled rocks. In particular, from MFC-1 to MFC-2 the decrease of D Rb and D Ba and the increase of D Sr and D Zr suggest a lesser proportion of biotite and higher role for feldspars and zircon, respectively. It is also noticeable that D V increases from MFC-1 to MFC-2. Although this could appear in contrast with common evolutionary processes that would result in a decrease of D for ferromagnesian elements during evolution, it must be stressed that mafic melts of SPC share many common geochemical features with lamprophyric melts found in the study area (see below). In lamprophyric magmas, major mafic minerals are represented by clinopyroxene and phlogopite both having lower K D for V than amphibole in amphibole-bearing rocks. Amphibole is not common in the monzonitic enclaves and is infrequent relative to biotite in the tonalitic enclaves (Perugini et al., 2003) . On the contrary, amphibole is a major mafic mineral phase in all other rock types of the basic group except in the biotite granodiorite. This implies that D V for MFC-1 has to be lower than D V for MFC-2, in agreement with the presented geochemical modelling.
For some elements, such as Nb, Y, Zr and REE, data points display some scatter ( Fig. 10D and E) , and in some cases MFC-2 is unable to model the sample variability (Fig. 10F) . These elements are hosted mainly in accessory minerals which are typically distributed very inhomogeneously in the SPC samples, particularly epidote. This implies that even small variation of the absolute abundances of these minerals can cause large variability of concentration of the above mentioned elements. Therefore, we suggest that the scatter in the graphs and the inability of MFC-2 to model some elements is mainly due to the inhomogeneous distribution of these minerals in studied samples.
Origin of mafic and felsic magmas
Two parental magmas, one basic and one acid, were involved in the genesis of the SPC. The Sithonia area lies in a very complex geodynamic setting that, since Jurassic, underwent at least two consecutive subduction events due to the closure of two adjacent oceans (e.g. Perugini et al., 2004) . Based on this evidence, it has been suggested that the mantle wedge underlying the study area suffered variable degrees of metasomatism induced by fluids released from the subducting and dehydrating oceanic lithosphere (Perugini et al., 2004) . Such metasomatic processes generated a strongly inhomogeneous mantle wedge ('leopard-skin' mantle wedge; Perugini et al., 2004) , variably enriched in incompatible Fig. 10 . Binary diagrams showing the two MFC steps, MFC-1 and MFC-2, thought to be responsible for the evolution of the enclaves and the other basic group rocks, respectively. Each step requires two lines to account for the variability of both the enclaves and the other basic rocks. Solid star, mafic end-member for step MFC-1 (average composition of monzonitic enclaves with V contents higher than ca. 130 ppm); open star, mafic endmember for step MFC-2 (average of the more evolved tonalitic enclaves); solid pentagon, acid end-member for both steps (average composition of leucogranite); tick marks are reported at 10% intervals of crystal fractionation; r, rate of mixing over rate of fractional crystallization; D, bulk partition coefficient. Other symbols as in Fig. 3. elements. Its melting would have generated mafic melts with variable enrichment in incompatible elements, having a large range of geochemical signatures from calc-alkaline to lamprophyric (e.g. Perugini et al., 2004) . The spider diagram (Fig. 11 ) for the monzonitic enclaves shows their lamprophyric affinity, and indicates that a mantle-derived lamprophyric-like magma can be considered a suitable original mafic magma, from which the enclaves were derived.
Regarding the felsic end-member, the composition of the leucogranite displays strong isotopic and trace element variability that cannot be explained by closedsystem processes. On the other hand, macroscopic (enclaves) and textural (e.g. disequilibrium in mineral phases) evidence of strong magma interaction processes are lacking. In addition, the variability of major-element chemistry of the leucogranite is much narrower than the spread in isotopic and the trace element compositions.
Therefore, an open-system process affecting isotopes and trace elements and keeping major elements almost constant is required. Snyder and Tait (1998) showed that this can be the case when a felsic magmatic mass overlies a mafic magmatic body. At the beginning, the two magmatic masses tend to remain separated because of the density contrast, but this does not preclude chemical exchanges. Thermal differences between magmas lead to convection in each of the two magmas, and this promotes chemical diffusion at the boundary layer and dispersion of chemical elements in both magmas (Snyder and Tait, 1998) . This convection-diffusion process mostly influences the elements that have the highest diffusivity. As discussed above, among chemical species, isotopes (such as Sr and Nd) have the highest diffusion coefficients (e.g. Lesher, 1990) followed by trace elements (Snyder and Tait, 1998) , whereas all major elements have the lowest ones. This happens because the diffusion of major elements is controlled mostly by Si and Al, which are network-forming cations, and therefore diffusion requires restructuring of the melt, which is difficult to achieve. On the other hand, diffusion of isotopes and trace elements does not require melt restructuring and, therefore, mobility of these species in the melt is much higher. As the coexistence of coeval mafic and felsic melts is documented in the Sithonia area, the above process could be invoked to explain the geochemical features of the leucogranite.
Given that trace element and isotopic signatures of the leucogranite are likely to have been affected by magma interaction processes, they cannot be used to constrain leucogranite source. On the contrary, major elements offer much better insights on this. The high degree of evolution of the leucogranites (SiO 2 ca. 73%) coupled with the fact that they cannot be derived by crystal fractionation from a basic parental magma, as explained above, suggests a genesis by partial melting of crustal material. To constrain the possible source of leucogranites they are plotted in the ternary graph of Fig. 12 together with experimental data obtained by melting experiments of crustal protoliths. Geobarometric data indicate an emplacement pressure for the Sithonia rocks of about 5.0 Kbar, which implies that melt production occurred even deeper. For this reason in Fig. 12 only experimental melts generated under pressure greater than 5.0 Kbar are plotted. The graph shows that greywackes and orthogneisses are not suitable source Fig. 11 . Primordial mantle normalized (Wood et al., 1979 , 1981 ; McDonough et al., 1992 (Pb) ) spider diagram for monzonitic enclaves (shaded region) with V content higher than 130 ppm. The area delimited by black lines represents lamprophyric dykes found in boreholes in eastern Chalkidiki (Kalogeropoulos et al., 1991) . (MacRae and Nesbitt, 1980; Skjerlie et al., 1993; Carrington and Watt, 1995; Gardien et al., 1995; Patino Douce and Beard, 1996; Montel and Vielzeuf, 1997; Pickering and Johnston, 1998) ; gneisses (Holtz and Johannes, 1991; Skjerlie et al., 1993; Beard et al., 1994; Gardien et al., 1995; Patino Douce, 1997) ; amphibolites (Beard and Lofgren, 1991; Rushmer, 1991; Wolf and Wyllie, 1994; Johannes and Holtz, 1996) ; basalts (Rapp, 1995; Rapp and Watson, 1995) . In average the degree of melting varies from minimum melts to ca. 20%. rocks for the leucogranite magma, whereas pelites, basalts, and amphibolites partially overlap with the leucogranite. However, Sr isotopic values of the leucogranite are quite low and inconsistent with mature metasedimentary sources and, thus, they are not likely to be suitable sources for the leucogranite magma. Therefore, middle-lower crustal rocks (intermediate-basaltic compositions, i.e. amphibolites and basalts) may be appropriate candidates indicating a possible source for the leucogranite magma. This hypothesis is corroborated by different observations: i) despite the occurrence of muscovite in the leucogranite, alumina-saturation index values for these rocks (b 1.2) are below those of typical peraluminous magmas derived by partial melting of most upper crustal sources (e.g. Tate and Clarke, 1997; Sylvester, 1998) ; moreover, the leucogranites are not typical products of crystallization of true peraluminous magmas because Al-rich phases such as cordierite, garnet, or alumina-silicates are lacking (Sylvester, 1998) ; ii) the relatively primitive isotopic signature of the leucogranite indicates melting of a young intermediate basaltic crust.
As reported above, the acid group contains also twomica granite, which displays constant isotopic composition and little variability of major-and trace element abundances. In addition, two-mica granite samples define an isochron indicating a limited internal evolution that can be due to closed-system processes such as fractional crystallization. As for the leucogranite, the high evolved nature of the two-mica granite suggests a genesis by partial melting of crustal material. In Fig. 12 the two-mica granite and leucogranite fields overlap, indicating that a common source can be invoked for their genesis.
The presumed common source and the strong similarity of the leucogranite and two-mica granite suggest a genetic link between the two rock types. In particular, it can be speculated that they originally were a single batch of magma which underwent different petrogenetic histories. The two-mica granite may represent the original partial melt that migrated from the source region and was emplaced at about 50 Ma, whereas the leucogranite may be interpreted as the result of contamination of the two-mica granite magma by convection-diffusion processes caused by its underplating by the lamprophyric mafic magma.
The aplites and pegmatites show REE patterns, a strong Eu anomaly, a very high Rb/Sr ratio, and high Nb abundances indicating that they were generated by extreme degrees of fractionation (e.g. Poli, 1992) .
Summary and conclusions
The study of the Sithonia Plutonic Complex suggests that a mafic, mantle-derived magma with lamprophyric affinity underplated a lower crust of amphiboliticbasaltic composition, whose partial melting generated a magma with an average composition analogous to that of the two-mica granite (Fig. 13A) . The bottom part of the two-mica granite magma, at the contact with the mafic magma, was contaminated by convection-diffusion processes generating a magma with leucogranite geochemical signature.
At ca. 50 Ma, the two-mica granite magma migrated towards higher crustal levels and was emplaced at a depth of ca. 15 km, where it solidified as the two mica granite that forms the northern part of the Sithonia Plutonic Complex. Fig. 13B and C illustrate the two-step MFC model, occurring in the lower crust, suggested to explain the genesis of the basic group. During the first MFC step (MFC-1; Fig. 13B ), the mafic magma underwent fast cooling, preventing efficient mixing processes. This was because of the strong thermal and rheological contrast between the mafic and felsic magmas (see above). At this stage, crystallization of the mafic magma dominated over its fragmentation and dispersion into the felsic one. The result was the formation of the less evolved monzonitic enclaves, which are the largest and geochemically the least evolved. The mafic magma evolved to give a batch with the geochemical composition of the tonalitic enclaves. As the rheological barriers between the evolved mafic magma (tonalitic enclaves) and the felsic magma were reduced, the degree of fragmentation and dispersion of the mafic magmas increased, as did the role of the mixing relative to the fractional crystallization (MFC-2; Fig. 13C ). The increasing efficiency of the mixing generated the compositional spectrum of the tonalite, hornblende-biotite granodiorite and biotite granodiorite magmas, all bearing mafic microgranular enclaves and mineral disequilibrium textures.
The fluid-dynamics instability generated by the mixing process induced migration of magmas towards higher crustal levels at a depth of ca. 15 km. On the basis of field evidence, the first mass emplaced at ca. 46 Ma was the hornblende-biotite granodiorite containing blobs of tonalite, followed by the leucogranite. Last mass to be emplaced within the main magmatic phase of the Sithonia Plutonic Complex was the biotite granodiorite. The very last magmatic event generated minor aplites and pegmatites, possibly associated with volume shrinkage of solidifying plutonic masses at the emplacement level.
The rocks of the Sithonia Plutonic Complex show characteristics of pre-plate collisional setting indicating subduction-related magma genesis. This is well documented by the fact that magmas envisaged as mafic end-member for the petrologic evolution of SPC display typical features of melts generated by melting of a mantle wedge metasomatized by fluids enriched in incompatible elements released by subducting oceanic slabs (i.e. Fig. 11 ). The general petrologic and geochemical features of SPC have been also recognized in other intrusive magma bodies in the study area, such as in the Rhodope massif (Christofides et al., 1998) and central Cyclades (Altherr and Siebel, 2002) . Until recently, SPC and other Eocene plutons in the Serbo-Macedonian and Hellenic Rhodope Massifs were considered as related to Vardar (Axios) ocean or even to Pindos ocean subduction (Robertson and Dixon, 1984; . However, the Eocene age and the geotectonic setting of SPC do not concur with such a subduction event since closure of the Pindos and Vardar (Axios) oceans was complete by late Cretaceous-early Eocene. On the other hand, according to Pe-Piper (2004) magma genesis of Eocene plutons in Northern Greece was probably related to the subduction of the Intra-Pontide Ocean which Görür and Okay (1996) suggested as closing in the Oligocene. An Eocene subduction is also supported by U-Pb ion microprobe (SHRIMP) dating on zircons (45.3 ± 0.9 Ma for early stages of subduction), combined with well determined P-T-t (relative) paths for the metamorphic rocks of the Sidironero Unit of HRM (Liati et al., 2002) .
